randomized to receive either fenofibrate or placebo administered with background LDL cholesterol (LDL-C)-lowering therapy with simvastatin. During the trial, the new onset of a marked reduction in HDL cholesterol (HDL-C) levels among some lipid trial participants was noted. Individual cases have been reported in the literature of paradoxical substantial reductions in HDL-C of up to 50% in patients receiving fenofibrate, thiazolidinedione (TZD), or both (2) (3) (4) (5) . With use of data collected in the ACCORD Lipid Trial, we examined the relationship between concomitant administration of fenofibrate and TZD, primarily rosiglitazone, and the occurrence of low HDL-C.
RESEARCH DESIGN AND METHODS
The rationale, design, and primary results of the ACCORD Lipid Trial have been previously reported (1, (6) (7) (8) (1) . With use of a double 2 3 2 factorial design, 4,733 of the ACCORD participants were also enrolled in the ACCORD Blood Pressure Trial, and 5,518 were enrolled in the ACCORD Lipid Trial. The hypothesis tested in the lipid trial was whether combination treatment with fenofibrate (to both raise HDL-C and lower triglyceride levels) and a statin (to reduce LDL-C) would reduce cardiovascular disease (CVD) event rates in high-risk people with type 2 diabetes compared with treatment with only a statin (1).
After institutional review board approval, participants were recruited from 77 clinical centers across the U.S. and Canada. All lipid trial participants were treated with simvastatin 20-40 mg/day and then randomly assigned to receive fenofibrate or matching placebo in a double-blind design. Clinic personnel were blinded to lipid measurements throughout the trial. Randomizations occurred from 11 January 2001 to 29 October 2005 using permuted blocks to maintain allocation concealment. End-of-study visits were scheduled between 1 March and 30 June 2009. Follow-up in the lipid trial was 4-8 years (mean 4.7 years). To be eligible for ACCORD, participants had documented type 2 diabetes and an HbA 1c $7.5% and were either age 40-79 years with evidence of clinical CVD or age 55-79 years with evidence of subclinical CVD or at least two additional CVD risk factors. Participants were eligible for the embedded ACCORD Lipid Trial if they met the following additional entry criteria based on lipid measurements obtained within the previous year: 1) LDL-C between 60 and 180 mg/dL, inclusive; 2) HDL-C ,55 mg/dL for women and blacks or ,50 mg/dL for all other groups; and 3) triglycerides ,750 mg/dL if not on a lipid medication or ,400 mg/dL if on a lipid medication. Among the ACCORD Lipid Trial exclusion criteria were the use of a medication known to interact with statins or fibrate; history of pancreatitis, myositis/myopathy, or gallbladder disease; and refusal to discontinue any current lipid-altering treatment.
Open-labeled simvastatin therapy began at the randomization visit, and the blinded fenofibrate/placebo medication was initiated 1 month later. The initial dose of simvastatin complied with current national lipid guidelines at the time the study began and was modified over time in response to changing guidelines (7) . The maximum daily dose of simvastatin used was 40 mg (7) . At the beginning of the trial, the initial dose of fenofibrate was 160 mg/ day. Because of an observed rise in serum creatinine levels in some participants receiving fenofibrate, the dose of fenofibrate was reduced to 48 mg/day in individuals with an estimated glomerular filtration rate #50 mL/min/m 2 (9) . Whereas rosiglitazone was the predominant TZD used in ACCORD, the analyses presented here also represent limited use of pioglitazone (e.g., only 23 participants were receiving the combination of pioglitazone and fenofibrate at postrandomization month 24, and only 72 were receiving the combination at month 48).
In the lipid trial, a blinded fasting plasma lipid profile was measured at the ACCORD central laboratory at baseline; 4, 8, 12 months postrandomization and annually thereafter; and study end. During follow-up, some participants obtained unblinded lipid measurements from their private health-care providers and informed ACCORD clinic staff of low HDL-C values, which sometimes occurred after the initiation of a TZD for the glycemia trial. After review of unblinded analyses by the ACCORD data and safety monitoring board (DSMB), an alert system was put in place for clinic personnel to be notified by the ACCORD central laboratory if a participant had an extremely low HDL-C level (defined as consistently ,20 mg/dL [517 mmol/L]) during ACCORD study follow-up.
The prespecified primary outcome for all ACCORD trials was the first postrandomization occurrence of a major cardiovascular event, specifically nonfatal myocardial infarction, nonfatal stroke, or death from cardiovascular causes. All-cause mortality was a prespecified secondary outcome. Deaths, myocardial infarctions, and strokes were adjudicated by a central committee whose members were unaware of treatment group assignment (1,10).
All analyses were conducted at the coordinating center with the use of S-Plus version 8.0 (Insightful) or SAS version 9.3 (SAS Institute) software. The postrandomization occurrence and prevalence (at selected visits) of low HDL-C was examined with simple counts and percentages of participants by ACCORD trial, treatment group, and (within the lipid trial) TZD use. An HDL-C cutoff of ,25 mg/dL (0.647 mmol/L) was chosen before the initiation of analyses. All analyses were repeated with a cutoff of ,20 mg/dL (0.517 mmol/L) to assess the sensitivity of the results. In an exploration of how lipid trial participants who ever had a low HDL-C level during follow-up differed from all other lipid trial participants, baseline characteristics were compared with x 2 and two-sample t tests. Two multivariate generalized linear regression models were used to examine the relationship between medication use (fenofibrate and TZDs) and 24-and 48-month postrandomization HDL-C levels, with the interaction term "lipid treatment assignment 3 TZD use at time of blood draw" as the primary independent variable of interest and controlling for lipid trial treatment assignment, current TZD use, and other covariates identified in the baseline comparison analysis as follows: sex, age in years, race (white/ nonwhite), and baseline values of HDL-C, LDL-C, triglycerides, and HbA 1c . The analyses presented are for descriptive and exploratory purposes and are hypothesis generating only. No adjustments were made for multiple testing. Nominal P values are reported throughout as simple guides to possible associations.
RESULTS
Restricting lipid measurements to those obtained at the annual visits (common to all ACCORD participants), 627 of all 10,251 randomized ACCORD participants (6.1%) had an HDL-C reported by the central laboratory of ,25 mg/dL (0.647 mmol/L) at an annual follow-up visit (Table 1) . There was no difference in the postrandomization occurrence of low HDL-C between the glycemia treatment groups (6.1% intensive vs. 6.2% standard, P = 0.83) or between the blood pressure treatment groups (4.8% intensive vs. 4.2% standard, P = 0.28). However, a greater proportion of lipid trial participants had a low HDL-C recorded at a follow-up annual visit compared with blood pressure trial participants (7.5% lipid vs. 4.5% blood pressure, P , 0.001). Among lipid trial participants, the occurrence of low HDL-C was 106% higher among those randomized to fenofibrate (10.1% fenofibrate vs. 4.9% placebo, P , 0.001). Because ACCORD Lipid Trial participants had additional measurements at 4 and 8 months, the occurrence of any follow-up visit low HDL-C was re-examined; 561 of the 5,518 lipid trial participants had an HLD-C ,25 mg/dL at some point during Given the prior reports of iatrogenic lowering of HDL-C with concomitant fenofibrate and TZD treatment (2,4,5,11-13), we examined the crosssectional prevalence of low HDL-C among lipid trial participants at baseline (before initiation of fenofibrate treatment) and at postrandomization months 24 and 48, stratified by fenofibrate treatment assignment and TZD use at each time point (Table 2 ). At baseline, there was no difference in the prevalence of low HDL-C between the assigned lipid treatment groups (2.1% for those subsequently assigned to fenofibrate vs. 2.4% assigned to placebo) or between those receiving (1.5%) or not receiving a TZD (2.4%). However, at both months 24 and 48, the prevalence of a low HDL-C was generally twice as great for participants randomized to fenofibrate versus placebo (5.1 vs. 2.5% and 5.1 vs. 2.3% at months 24 and 48 postrandomization, respectively), but these higher proportions were a result of the increases in low HDL-C in the groups receiving fenofibrate and TZD (e.g., 7.2% for both medications vs. 2.2% for only fenofibrate at month 24, 7.0% for both medications vs. 3.6% for only fenofibrate at month 48). Indeed, the prevalence of HDL-C ,25 mg/dL did not increase significantly in the groups not receiving a TZD (Table 2) . To assess the sensitivity of the results, all these analyses were repeated with a cutoff of ,20 mg/dL, and the trends were found to be the same.
Because low HDL-C levels were associated with fenofibrate and/or TZD use, the overall effects of these medications on HDL-C were examined in two covariate-adjusted linear regression analyses predicting HDL-C levels at months 24 and 48, with the interaction term "lipid treatment assignment X TZD use at time of blood draw" as the primary independent variable of interest (Table 3) . Examination of the regression coefficients for month 24 (model 1) indicated that 1) in the absence of a TZD, fenofibrate was associated with a 1.42 mg/dL (0.037 mmol/L) higher HDL-C; 2) in the absence of fenofibrate, TZD use was associated with a 1.48 mg/dL (0.038 mmol/L) higher HDL-C; and 3) the combination fenofibrate/TZD use was associated with a 1.53 mg/dL (0.040 mmol/L) higher HDL-C compared with receiving neither medication. At the 48-month visit, the same general trends existed, although there was a suggestion that TZD use alone was associated with a greater increase (2. Results of average HDL-C levels at various time points can be misleading when HDL-C values or changes in HDL-C values are widely distributed in a population. To explore this, we compared the distribution of HDL-C values at the 24-and 48-month postrandomization visits among participants receiving placebo/no TZD versus those receiving fenofibrate alone, TZD alone, or both ( Fig. 1) . At both time points and compared with those receiving placebo/no TZD, there was a shift toward higher HDL-C values in study participants treated with fenofibrate, TZD, or both. However, a greater proportion of participants receiving fenofibrate/TZD had lower HDL-C levels at both follow-up visits than all other participants. For example, Data are n (%); denominators are the cell-or marginal-specific numbers of randomized participants. There were 10,251 participants in the glycemia trial, 4,733 in the blood pressure trial, and 5,518 in the lipid trial.
at month 24 (as shown in the left-side tails of Fig. 1 and in Table 2 ), 7.1% of the participants receiving the combination had an HDL-C value #25 mg/dL compared with 2.4% of all other participants. In addition to these observations regarding the actual HDL-C values at these follow-up visits, these patterns remained when the absolute changes in HDL-C from baseline to 24 or 48 months were examined in the four medication groups ( Supplementary Fig. 1 ).
To gain further insight into the potential relevance of the observed changes in postrandomization HDL-C levels, we examined in the four medication groups the prevalence of a 30% relative reduction in HDL-C from baseline to the 24-and 48-month follow-up visits as well as the coincident prevalence of HDL-C ,25 mg/dL and a 30% reduction (Supplementary Table 1 ). In both analyses, it was clear that the combination of fenofibrate and TZD was associated with about fivefold increases in the prevalence of these outcomes.
To determine whether iatrogenic reductions in HDL-C might be associated with an increased risk of CVD events, postrandomization analyses examined the effect of fenofibrate and low HDL-C values on all-cause mortality. Consistent with the known inverse relationship between HDL-C and CVD risk, overall with both lipid treatment groups combined, all-cause mortality was 35% higher in participants who ever had a postrandomization HDL-C ,25 mg/dL than in those who did not (10.0 vs. 7.4 deaths per 100 participants, respectively). This 35% increase in mortality was true regardless of whether the participants were assigned to the fenofibrate group (9.6 vs. 7.0%) or the placebo group (10.7 vs. 7.8%).
CONCLUSIONS
Treatment of patients with diabetes and other chronic diseases often involves complex medical regimens. We tend to evaluate pharmacological interventions by concentrating on the biological effects of a single agent on the disease process and often fail to recognize drugdrug interactions. Fenofibrate would be expected to ameliorate diabetic dyslipidemia by lowering triglycerides and raising HDL-C. Similarly, modest increases in HDL-C have been reported with TZD use (14, 15) . In this descriptive post hoc analysis of the ACCORD Lipid Trial population as a whole, fenofibrate exhibited the expected effect with an increase in mean HDL-C compared with baseline values. TZD use was also associated with a modest overall increase in HDL-C, as was the combination of the two agents (Table 3) . Supplementing the observations of these average responses, however, we also observed a dramatically divergent HDL-C response in the tails of the distribution to combined fenofibrate and TZD treatment. As presented in Fig. 1 , a greater proportion of participants receiving the combination treatment at 24 months (18.2%) had an HDL-C of up to 50 mg/dL (1.293 mmol/L) compared with only 13.8% of all other participants, but at the other tail of the distribution, a greater proportion of the same group of participants (7.1%) also had an HDL-C #25 mg/dL compared with only 4% of all other participants.
Aside from concomitant TZD treatment, low HDL-C at baseline, a history of coronary heart disease, and the baseline prevalence of lower alcohol intake were associated with low HDL-C levels during ACCORD follow-up (data not shown). Because the approach used to assess the Data are n (%); denominators are the cell-specific numbers of lipid trial participants who had an HDL-C measurement at the specified visit and for whom the concomitant use or nonuse of a TZD was recorded on study forms. prevalence of low HDL-C in this study favored selection of participants whose baseline HDL-C was low and, therefore, more likely to fall to ,25 mg/dL, it is difficult to attribute these factors as contributing to iatrogenic reduction in HDL-C or as predictors of a paradoxical response to fenofibrate. A prior study of 43 patients with fenofibrate-related reduction in HDL-C found only low baseline HDL-C as a predictor of fenofibrate response (16) ; however, this analysis has a similar bias to that of the present study. Thus, it appears that a paradoxical reduction in HDL-C in a subset of patients treated with concomitant TZD and fenofibrate is truly an idiosyncratic reaction that is difficult to predict.
For simple analytic purposes, we defined extremely low HDL-C as a level ,25 mg/dL. Although this analysis clearly conveys the prevalence of extremely low HDL-C among study participants, it is biased toward selection of participants whose HDL-C was lower at baseline and, therefore, more likely to fall below the 25 mg/dL threshold at the follow-up visits. Given the similar baseline HDL-C levels of study participants, it is important to note that the occurrence of excess cases of extremely low HDL-C was seen in study participants randomized to fenofibrate either alone or, in particular, in combination with TZD. In all, the proportion of lipid trial participants who ever had an extremely low HDL-C during ACCORD was more than two times greater among those randomized to fenofibrate than among those randomized to placebo (10.1 vs. 4.9%) ( Table 1 ). Further analysis indicates that the majority of these cases occurred among those concurrently treated with fenofibrate and a TZD ( Table 2 ). These data suggest that iatrogenic lowering of HDL-C could occur with a frequency of up to 5% or 1 in 20 patients with type 2 diabetes treated with combined fenofibrate and TZD therapy. This prevalence was supported by alternative analyses that determined the number of ACCORD participants experiencing a significant (30%) decrease in HDL-C from baseline and those experiencing a coincident 30% decrease in HDL-C and a follow-up HDL-C of ,25 mg/dL (Supplementary Table 1 ). These findings are particularly significant in that the number of cases reported here are greater than all previous case reports combined and allows a Figure 1 -Cumulative percentage of participants at the 24-month (A) and 48-month (B) postrandomization follow-up visits with an HDL-C equal to or less than the value specified on the x-axis by lipid treatment group assignment and use of a TZD at the time of visit-specific blood draw. Eighty-eight percent and 64% of all randomized ACCORD Lipid Trial participants were available for this analysis at month 24 and 48, respectively. Mn, mean group HDL-C value at visit (in milligrams per deciliter). To convert HDL-C values to millimoles per liter, multiply by 0.02586.
determination of the prevalence of this idiosyncratic reaction. Additionally, because this was a randomized controlled trial of fenofibrate therapy, study participants were randomly assigned to fenofibrate treatment regardless of baseline HDL-C levels, thereby reducing the potential for selection bias.
Although the present analyses cannot exclude the possibility that paradoxical lowering of HDL-C also occurred in some patients treated with either fenofibrate or TZD alone, there was no increase in overall prevalence of low HDL-C in groups not receiving TZD compared with baseline ( Table 2 ), suggesting that the risk of such HDL-C lowering was greatest in those receiving both agents. This finding is concordant with the findings of a prior retrospective pharmacoepidemiologic survey of diabetic patients (17) . On the other hand, although most case reports of HDL-C lowering involved combined treatment with fibrate and TZDs (5, (11) (12) (13) 16, 18) , this effect has also been observed with either TZD or fibrate treatment alone (5, 16) . Although rosiglitazone was the predominant TZD used in the ACCORD Lipid Trial, paradoxical HDL-C lowering has also been reported with other TZDs, including pioglitazone (5). (As noted previously, pioglitazone use in ACCORD was too low to allow us to analyze the effects of each TZD separately.) Similarly, decreased HDL-C has also been reported with other fibrates (ciprofibrate and bezafibrate) with the sole exception being gemfibrozil (5). These case reports have shown that HDL-C returns to baseline levels after discontinuing either fibrate or TZD (11, 18) . Of note, HDL-C levels increased to .25 mg/dL in 73.1% of these ACCORD study participants after the site investigator received a laboratory alert containing instructions to discontinue TZD and/or fenofibrate.
Although apolipoprotein A-I (apoA1) levels were not assessed in ACCORD, other case reports have noted concomitant reduction in apoAI with reduced HDL-C, indicating decreased HDL-C particle numbers in addition to reduced cholesterol content of HDL-C (12). These findings highlight the biological diversity in response to medical interventions and raise the question of how drug-drug interactions may play a role in clinical responses.
The idiosyncratic occurrence of paradoxical lowering of HDL-C with fibrate and/or TZD suggests that some individuals may be predisposed to this effect, possibly because of polymorphisms of one or more genes related to HDL-C metabolism. Fibrates increase apoAI production in the human through activation of a peroxisome proliferator-activated receptor (PPAR) response element in the apoAI promoter (19) . In contrast, apoAI promoters, which lack a functional PPAR response element either because of species variation or experimental manipulation, are negatively regulated by fibrates (20) (21) (22) . Accordingly, mutation in the apoAI gene or, alternatively, the PPARa nuclear receptor itself may underlie genetic susceptibility to paradoxical HDL-C lowering with fibrate treatment. Alternatively, paradoxical lowering of HDL-C could also result from altered expression of genes related to HDL-C catabolism, for example, the scavenger receptor B1 (SRB1), lecithin:cholesterol acyltransferase (LCAT), or cholesteryl ester transfer protein (CETP) (23). Relevant to this issue is a study that reported a paradoxical, but reproducible decrease of HDL-C in a patient after ciprofibrate treatment that was exclusively a result of an increased catabolism (24). Given the vigilance of the ACCORD investigators, the observed fall in HDL-C in select patients was noted early in the study and then carefully analyzed by the data and safety monitoring board at each of its meetings. In addition, the investigators were notified of participants with extremely low HDL-C values and advised to discontinue either TZD or fenofibrate/placebo. When examined in crude, postrandomization post hoc analyses, we observed that all-cause mortality was higher in the group of patients who ever had an HDL-C ,25 mg/dL compared with those who did not, which is not entirely unexpected given the higher prevalence of coronary disease and lower baseline HDL-C in this group. However, this finding was true regardless of whether these participants were treated with fenofibrate or placebo. Thus, we were unable to detect an adverse effect of fenofibrate-related reduction in HDL-C. It is important to note that the study was not designed or powered to evaluate the impact of this unexpected response to treatment on mortality. Nevertheless, these observations should alert practitioners to the potential for a paradoxical reduction in HDL-C with fenofibrate treatment, especially when used concomitantly with a TZD. Although the mechanism of iatrogenic reduction in HDL-C with combined fenofibrate and TZD treatment is unknown and there is as yet no definitive proof of lack of harm, if the magnitude of the reduction in HDL-C is significant, it may be appropriate to discontinue either fenofibrate or TZD and monitor HDL-C levels to confirm return to baseline levels. 
